The induction of innate immune responses by toll-like receptor (TLR) agonists is the subject of intense investigation. In large part, this reflects the potential of such compounds to be effective vaccine adjuvants. For that reason, we analyzed the activation of innate cells in swine by TLR7 and TLR8 agonists. These agonists activated porcine NK cells by increasing gamma interferon (IFN-␥) expression and perforin storage. The activation of porcine NK cells was mediated by accessory cells, since their depletion resulted in reduced cytotoxicity toward target cells. Accessory cells were stimulated to produce interleukin 12 (IL-12), IL-15, IL-18, and IFN-␣ after treatment with TLR7 or TLR8 agonists. Neutralization of these cytokines reduced but did not completely inhibit the induction of NK cell cytotoxicity. Direct stimulation of NK cells with TLR7 or TLR8 agonists resulted in minimal cytotoxicity but levels of IFN-␥ equivalent to those detected in the presence of accessory cells. Porcine NK cells express both TLR7 and TLR8 mRNAs, and treatment with these TLR agonists induced higher mRNA expression levels of TRAIL and IL-15R␣, which may contribute to the activity of NK cells. These data indicate that TLR7 and TLR8 agonists indirectly or directly activate porcine NK cells but that optimum levels of activation require cytokine secretion by accessory cells activated by these compounds. Interestingly, NK cells activated by TLR7 or TLR8 agonists were cytotoxic against foot-and-mouth disease virus (FMDV)-infected cells in vitro, indicating that these TLR agonists may be beneficial as adjuvants to stimulate the innate immunity against FMDV.
Toll-like receptors (TLRs) are pathogen-associated molecular pattern recognition receptors responsible for signaling intrusion by pathogens. These receptors are expressed by cells mediating innate responses. Pathogens are recognized directly by the binding of pathogen-associated molecules. For example, TLR3 recognizes double-stranded RNA during virus replication; TLR5 binds bacterial flagellin; TLR9 detects nonmethylated, CG-rich prokaryotic DNA, i.e., CpG; and TLR7 and TLR8 recognize single-stranded RNA (44) , although recognition by TLR8 may be species specific, as demonstrated recently by Forsbach et al. (11) . The consequence of engaging TLRs is the induction of signals that lead to the expression of proinflammatory cytokines, antimicrobial and antiviral effector molecules, and costimulatory molecules on macrophages (M) and dendritic cells (DCs) (25, 39) . Overall, such events affect the activation and functional status of innate immune cells, such as natural killer (NK) cells and DCs, and further influence the organization of adaptive immune responses.
NK cells perform a critical role in innate immunity, leading to protection against various pathogens well before the adaptive immune responses develop. NK cells are lymphocyte-derived cells that engage nonspecific target recognition mechanisms to eliminate malignant or virus-infected cells (10) . However, it has recently been shown that some receptors on NK cells engage viral gene products. For example, Ly49H recognizes m157 of murine cytomegalovirus in mice, while NKp44 and NKp46 bind influenza virus hemagglutinin (4, 27) . Moreover, NK cells express both inhibitory and activating receptors, which directly influence the outcome of NK cell activation. Besides the expression of such receptors (22) , NK cells have other mechanisms that enhance their function as natural spontaneous effector cells (24) . Such mechanisms include the expression of TLRs, which possibly allow NK cells to respond to the presence of pathogens by direct activation via these receptors.
NK cells express TLR9 in mice (26) and TLR1 to TLR10 in humans (12, 17, 23) . However, not much information is currently available on the expression of these receptors on immune cells of domestic livestock species, such as porcine or bovine species. Direct stimulation of human NK cells through TLR2, TLR3, TLR7, and TLR8 leads to the upregulation of gamma interferon (IFN-␥) secretion, although in some instances this response requires the presence of interleukin 12 (IL-12) (6, 12, 17) . Furthermore, activation via TLR5 is reported to stimulate NK cell proliferation but not IFN-␥ production (45) . Additionally, stimulation via TLR2 or TLR7 induces chemokines such as CCL3, CCL4, and CCL5 (36) . Although TLR9 is expressed in NK cells, it does not induce IFN-␥ production directly unless the NK cells are presented with antibody-coated target cells or are cultured on plates with an immobilized antibody against immunoglobulin G (35) . Therefore, TLR expression in NK cells may be involved in the differential regulation of these vital cells of the innate response. However, not much is known about the direct effect of TLR stimulation on the expression of NK cell effector molecules, such as perforin, granzymes, and cytokines.
Using this class of molecules, it is now possible to formulate vaccine adjuvants that prime cell-mediated immunity. Engaging TLR receptors with specific synthetic agonists introduces a new way of inducing early innate responses as well as increasing the potency of adaptive immunity. The importance of such an approach is exemplified by several clinical studies currently under way. TLR9 and TLR4 agonist are being tested as vaccine adjuvants, and a TLR7 agonist is being tested in the treatment of genital warts caused by herpes simplex virus (28) . In addition, TLR4 is being tested for the treatment of allergies, endotoxemia, and liver disease, TLR7 for cancer treatment, and TLR9 as a treatment for melanoma (reviewed by Ulevitch [46] ).
Foot-and-mouth disease virus (FMDV) infects clovenhoofed animals, leading to devastating economic consequences (16) . This is a highly contagious viral infection that causes a very acute disease. Clinical symptoms are detected within 1 or 2 days of exposure and resolve within a week to 10 days. Viral clearance may be mediated in part by antibodies, but under controlled experimental conditions, viremia is gone by day 3 or 4 after infection when anti-FMDV immunoglobulin M is barely detectable (2, 13) . These results strongly suggest that other antiviral mechanisms contribute to the elimination of the virus in vivo. Innate responses, including the activation of DCs and NK cells, are likely involved.
Therapeutic approaches involving TLR stimulation via synthetic agonists can augment innate responses, indicating that such therapeutics have the potential to induce early protection against foot-and-mouth disease (29, 30) . Therefore, we have studied the effects of TLR agonists on porcine NK cells in vitro. We report that TLR7 and TLR8 agonists and a combined TLR7/8 agonist activate porcine CD2 ϩ CD8 ϩ CD3 Ϫ NK cells through accessory-cell-mediated mechanisms, such as the secretion of cytokines, including IFN-␣, IL-12, IL-15, and IL-18. In addition, porcine NK cells are partially activated by the direct interaction of TLR7 and TLR8 agonists through these receptors expressed by NK cells. Activated cells show enhanced secretion of IFN-␥ and storage of perforin granules and can effectively lyse tumor or FMDV-infected targets. These results are discussed in the context of rational approaches to antiviral measures against FMDV.
MATERIALS AND METHODS

Animals.
Yorkshire pigs were purchased from Animal Biotech Inc., Danboro, PA, at the age of 3 to 4 months and were used in experiments after 1 week of acclimatization. These animal studies were reviewed and approved by the Institutional Animal Care and Use Committee at Plum Island Animal Disease Center.
TLR agonist compounds. Agonists for TLR7, TLR8, and a mixed compound activating both, TLR7/8, have been described previously (14) and were kindly provided by Richard Miller of 3M Pharmaceuticals (Minneapolis, MN). These compounds were originally designed as human TLR agonists, but recently Dumitru et al. have reported their ability to stimulate both human and murine NK cells (8) .
Preparation of PBMC. Blood was drawn from pigs into heparin-containing tubes and diluted with phosphate-buffered saline, and peripheral blood mononuclear cells (PBMC) were separated on a Lymphoprep gradient as described by the manufacturer (Axis-Shield, PoC AS, Oslo, Norway). Cells were finally suspended in RPMI 1640 supplemented with 10% fetal bovine serum, 2 mM HEPES, 2 mM L-glutamine, and antibiotic-antimycotic (Invitrogen, Carlsbad, CA).
NK cell enrichment. To obtain the fraction of PBMC that contains porcine NK cells, CD2 ϩ CD8 ϩ CD3 Ϫ cells were enriched by negative selection using antibodies bound to magnetic beads, with either the magnetic-activated cell-sorting Ϫ cells) at effector-to-target cell (E:T) ratios of 50:1, 25:1, and 12:1, followed by the addition of 5 l 7-aminoactinomycin D (7AAD; BD Bioscience, San Diego CA), a dead/live discriminating dye. Cells were mixed, spun for 1 min at 500 ϫ g, and incubated at 37°C under 5% CO 2 for 4 h. Data were acquired with a FACSCalibur flow cytometer and were processed with CellQuest Pro software (BD Biosciences, San Diego, CA). A gate was created on K562-GFP cells to display the double-positive (GFP plus 7AAD) cells that represented the killed target cells. The level of killing was determined by the calculation R1/(R1 ϩ R2) ϫ 100 ϭ % lysis, where R1 stands for double-positive cells and R2 stands for GFP-positive cells.
Cytotoxicity against FMDV-infected targets was assessed with SK6 or IBRS2 cells (porcine kidney fibroblast cell lines). Briefly, SK6 cells were infected with the LL-KGE virus at a multiplicity of infection of 10. The LL-KGE virus is an FMDV O1 Campos strain capsid inserted into a strain A12 backbone with a positive charge mutation, as well as another mutation in the RGD sequence to KGE to allow for binding of the heparin sulfate receptor, allowing infection of a wide variety of cells. Additionally, this virus has no leader protease, which permits in vitro attenuation. IBRS2 cells are persistently infected with classical swine fever virus. Cells were stained with carboxyfluorescein succinimidyl ester (CFSE) at 5 mol/ml for 15 min at room temperature and were washed extensively with RPMI 1640 containing 10% fetal bovine serum. Labeled cells were used in the NK assay as described above.
Stimulation of porcine NK cells. PBMC (1 ϫ 10 6 /well) or CD2 ϩ CD8 ϩ CD3 Ϫ cells (1 ϫ 10 5 /well) were stimulated with a TLR7 agonist (3M-001), a TLR8 agonist (3M-002), a TLR7/8 agonist (3M-011), or the control compound (3M-006) at 1 mM for 18 to 24 h and were then used in the NK assay or assessed for IFN-␥ secretion or perforin expression. The 3M compounds were active over a range of concentrations (1 mM, 2 mM, and 3 mM) with similar levels of NK cytotoxicity, so for these studies we chose the lowest concentration. In some experiments, NK cells were stimulated with human IL-2 or porcine IL-15, purchased from Hemagen Diagnostics, Inc. (Columbia, MD), or Invitrogen (Carlsbad, CA) and used at 20 ng/ml or 25 ng/ml, respectively.
Intracellular staining for IFN-␥ and perforin. Cells, either stimulated or left unstimulated, were placed in 96-well microtiter plates at 1 ϫ 10 6 (PBMC) or 1 ϫ 10 5 (NK cells) per well and were incubated for 5 h in the presence of 3.0 g/ml brefeldin A (eBioscience, San Diego, CA). A mixture of phorbol myristate acetate and ionomycin (Sigma, St. Louis, MO) at 100 ng/ml and 10 ng/ml, respectively, was added to cells that were treated as positive controls. Next, cells were surface stained with mouse anti-porcine CD2 (clone MSA4; Accurate Chemical, Westbury, NY) and biotin-labeled mouse anti-porcine CD8 (clone 76-2-11; Southern Biotech, Birmingham, AL), followed by fluorescein isothiocyanate-or streptavidin-peridinin chlorophyll protein-labeled secondary antibodies, respectively (BD Biosciences, San Diego, CA). IFN-␥ or perforin was labeled intracellularly with phycoerythrin-conjugated anti-porcine IFN-␥ (clone P2G10; 1 g/ml) or an anti-human perforin antibody that cross-reacts with porcine perforin (clone ␦G9; 20 l per 1 ϫ 10 6 cells), respectively (BD Biosciences, San Diego, CA). Data were acquired with a FACSCalibur flow cytometer and analyzed by CellQuest Pro (BD Biosciences, San Diego, CA).
Cytokine detection. An enzyme-linked immunosorbent assay (ELISA) was used to determine the levels of IFN-␣, IL-12, IL-15, and IL-18 in supernatants from TLR agonist-stimulated cells. Coating and detecting antibodies against porcine IFN-␣ were purchased from Endogen/Pierce (Rockford, IL); a pIL-12 detection kit was purchased from R&D Systems Inc. (Minneapolis, MN) The anti-IL-12 antibody, with a 50% neutralizing dose of 0.01 to 0.04 g/ml, was purchased from R&D Systems. Anti-human IL-15, which cross-reacts with porcine IL-15 and has a 50% neutralizing dose of 3 to 8 g/ml, was also purchased from R&D Systems. Anti-porcine IFN-␣ was purchased from PBL Biomedical Laboratories; 1 U of this antibody neutralizes 1 U of pig IFN-␣. qrt-PCR. RNA was isolated from nonstimulated CD2 ϩ CD8 ϩ CD3 Ϫ NK cells or TLR7/8L-stimulated cells, including CD172 ϩ cells, CD21 ϩ cells, and M/ monocytes. The TRIzol reagent (Invitrogen, Carlsbad, CA) method was used as described by the manufacturer. Briefly, 700 l TRIzol reagent was added to 1 ϫ 10 6 to 2 ϫ 10 6 cells, and the mixture was left for 5 min at room temperature in order to dissociate the nucleoproteins. RNA was extracted with chloroform, precipitated by isopropyl alcohol, and finally washed in 75% ethanol. RNA was treated with DNase and then transcribed into cDNA using the following reaction mixture: 5ϫ reaction buffer, 10 mM deoxynucleoside triphosphates, 50 ng/l random primers, 0.1 M dithiothreitol, 40 U RNase inhibitor, and 200 U Moloney murine leukemia virus reverse transcriptase (RT). The cDNA templates were later used in the quantitative real-time RT-PCRs (qrtRT-PCRs) in duplicate. A TaqMan RT-PCR system was used for detection. Primers and probes were designed at the Beltsville Human Nutrition Research Center, Agricultural Research Service, U.S. Department of Agriculture (USDA; Beltsville, MD) (http: //www.ars.usda.gov/Services/docs.htm?docidϭ6065), and sequences are provided in Table 1 . PCRs were run in the ABI Prism sequence detector, model 7700 (Applied Biosystems, Foster City, CA). The cycling parameters were as follows: 50°C for 2 min, 95°C for 10 min, and 40 cycles at 95°C for 15 s (denaturation) and 60°C for 1 min (annealing and extension). Ubiquitin (UBC) or peptidylprolyl isomerase A was used as the reference gene to normalize the expression of each gene. Relative expression was calculated by 2 Ϫ⌬⌬CT , and data are expressed as ratios relative to the calibrator (nonstimulated CD2 ϩ CD8 ϩ CD3 Ϫ cells or CD3 ϩ T cells for baseline expression levels). Statistical evaluation. Where appropriate, a t test was performed to examine the significance of differences. P values of Ͻ0.05 were considered significant.
RESULTS
TLR7 and TLR8 agonists activate porcine NK cells. Generally, the lytic activity of resting NK cells in Yorkshire pigs is low. However, culture of PBMC in the presence of cytokines, such as porcine IL-2 or IL-15, activates porcine NK cells, leading to higher cytotoxicity against K562-GFP cells (Fig.  1A ). We were interested in determining the effect of TLR agonists on the cytotoxicity of porcine NK cells. To measure the influence of TLR agonists, we cultured PBMC in the presence of TLR7 ligand (TLR7L), TLR8L, TLR7/8L, or the control compound for 18 h and performed a flow cytometry-based NK cell cytotoxicity assay. As shown in Fig. 1B , the lytic activities of porcine NK cells against K562-GFP cells were 4-, 2.5-, and 4.5-fold higher in PBMC stimulated with TLR7L, TLR8L, and TLR7/8L, respectively, than those of nonstimulated porcine NK cells or cells cultured with the control compound. TLR7L stimulated more lytic activity than TLR8L, but there was only a small difference in stimulatory capacity between TLR7L and TLR7/8L. For all stimulated cells, the difference from the lytic activity of nonstimulated cells was statistically significant (P ϭ 0.033 for TLR7L; P ϭ 0.041 for TLR8L; P ϭ 0.012 for TLR7/8L). The difference between TLR7L and TLR8L stimulation was significant (P ϭ 0.045), but no statistical difference was observed between TLR7L and TLR7/8L. Thus, TLR7L and TLR8L enhanced the cytotoxicity of porcine NK cells when added to whole PBMC.
TLR7 and TLR8 agonists directly activate porcine NK cells.
It was not clear from the experiments described above whether the TLR agonists activated the porcine NK cells directly or whether the activation was mediated through another cell type. Therefore, we separated the NK cells from PBMC. Due to the lack of a definitive antibody recognizing porcine NK cells, we separated the CD2 ϩ CD8 ϩ CD3 Ϫ cells, which contain a substantial population of porcine NK cells. Throughout this report we refer to CD2 ϩ CD8 ϩ CD3 Ϫ cells as NK cells, with the provision, however, that porcine NK cells may be heterogeneous, and thus, the CD2 ϩ CD8 ϩ CD3 Ϫ cells may not represent all NK cell subsets in swine.
First, we determined the expression of TLR7 and TLR8 on purified NK cells. Since no antibodies reactive with the porcine homologues of these proteins were available, we measured the expression of TLR mRNAs in freshly isolated CD2 ϩ CD8 ϩ CD3 Ϫ NK cells by using qrt-PCR. With this assay, we confirmed the presence of mRNAs for TLR7 and TLR8 as well as for TLR3 in CD2 ϩ CD8 ϩ CD3 Ϫ NK cells in relation to levels in CD3 ϩ T cells ( Fig. 2A) . TLR7 showed higher expression levels than TLR8.
Next, CD2 ϩ CD8 ϩ CD3 Ϫ NK cells were cultured with TLR7L, TLR8L, TLR7/8L, or an inert control compound for 18 h and then tested in NK cell cytotoxicity assays. Figure 2B shows that a degree of NK cell stimulation by TLR agonists was achieved, since the lytic levels against K562-GFP cells were 1.8-, 1.3-, and 2.3-fold higher for TLR7L-, TLR8L-, and TLR7/ 8L-stimulated cells, respectively, than for nonstimulated or control-treated cells. The difference between TLR7L or TLR7/8L and the control compound was statistically significant (P Յ 0.043 and P Յ 0.28, respectively). However, although these were enriched NK cells, their killing capability after direct stimulation was lower than that exhibited by the bulk PBMC cultures stimulated with TLR7L, TLR8L, or TLR7/8L (Fig. 1B ). Furthermore, we tested the lytic activity in the CD3 ϩ , CD21 ϩ , adherent M/monocyte, and CD172 ϩ cell fractions treated with TLR7/8L only. There was no evidence of cytotoxicity in CD21 ϩ cells, adherent M/monocytes, or CD172 ϩ cells, but some residual lytic activity was observed in the CD3 ϩ cell population, presumably containing a fraction of a yet unidentified porcine NK cell subset. This result indicated that TLR7L or TLR8L interacted directly with porcine NK cells, although this stimulus did not highly enhance their cytotoxicity against K562-GFP cells.
Accessory cell involvement in porcine NK cell activation. The experiment described above showed that removal of accessory cells, i.e., CD172 ϩ cells, CD21 ϩ cells, and adherent M/monocytes, reduced the lytic activity of CD2 ϩ CD8 ϩ CD3 Ϫ NK cells. DCs and M have been reported to secrete factors that affect the functions of various lymphocyte populations in other animal species (5, 7, 33, 34 
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Indeed, all three subsets of accessory cells (CD172 ϩ cells, CD21 ϩ cells, and M/monocytes) do express TLR7 and TLR8 mRNAs, albeit to different degrees and depending on activation status (Fig. 3A) . Figure 3B shows that CD2 ϩ CD8 ϩ CD3 Ϫ NK cells attained higher lytic activity when cocultured with CD172 ϩ cells in the presence of TLR7/8 agonists than CD2 ϩ CD8 ϩ CD3 Ϫ NK cells alone stimulated with TLR7/8L (Fig. 2B) (Fig. 3B ). This suggests that most likely, the accessory cells influenced the lytic activity of porcine NK cells through direct interaction or cytokine secretion. Enriched CD172 ϩ , CD21 ϩ , or M/monocyte cell populations (isolated from the same animals) had no cytotoxic activity, whether they were stimulated or not. Taken together, these data indicate that it is possible to highly stimulate NK cells with TLR7L or TLR8L when CD172-expressing leukocytes are present.
To learn if soluble factors contributed to NK cell activation, we cultured CD172 ϩ cells, CD21 ϩ cells, or adherent M/ monocytes with these TLR agonists for 18 h. Supernatants were collected and later added to CD2 ϩ CD8 ϩ CD3 Ϫ NK cells, which were further cultured for 18 h. Next, NK cell killing assays were performed to assess the activation of porcine NK cells. Figure 4A shows that supernatants from CD172 ϩ cells stimulated with the TLR agonists increased porcine NK cell cytotoxic activity. The effect of TLR7L was greater than that of TLR8L, but supernatants from TLR7/8L-cultured CD172 ϩ cells exerted the most stimulatory effect on porcine NK cells, and this was statistically significant (P Ͻ 0.05) compared to supernatants from nonstimulated cells. Interestingly, both supernatants from TLR agonist-stimulated adherent M/monocytes and those from TLR agonist-stimulated CD21 ϩ cells increased porcine NK cell lytic activity slightly, and the effects of TLR8L were greater than those of TLR7L (Fig. 4B and C) . However, there was no significant difference between the TLR agonists in either case, with one exception. TLR7/8L stimulated M/monocytes to secrete factors that significantly activated the enriched NK cells (Fig. 4B ). This experiment strongly indicated that stimulation of accessory cells induces the secretion of soluble factors that activate porcine NK cell cytotoxicity.
Cytokines produced by CD172 ؉ cells and M contribute to the activation of porcine NK cells. In order to resolve the character of the soluble factors in supernatants involved in porcine NK cell activation, supernatants from cells stimulated as described in the preceding section were tested for the presence of cytokines that generally have a role in NK cell activation. ELISAs for cytokines such as IL-12p70, IL-15, IL-18, and IFN-␣ were performed on supernatants from these cultures. IFN-␣ was detected in supernatants from CD172 ϩ cells, adherent M/monocytes, and PBMC, but only marginal levels could be detected in supernatants from CD21 ϩ cells and nonstimulated cells (Fig. 5A ). IL-12 was detected in all supernatants, but only low levels were detected in CD21 ϩ cells. It is worth noting that adherent M/monocytes secreted more IL-12 when stimulated with TLR8L than with TLR7L, in contrast to CD172 ϩ cells (Fig. 5B) . IL-18 and IL-15 ( Fig. 5C and D) were detected in all supernatants, although supernatants from PBMC contained more of the cytokines, and CD172 ϩ cells secreted more than M/monocytes or CD21 ϩ cells. The cytokine detection level in nonstimulated cells was below the sensitivity of the assays used. This was true when an enzymelinked immunospot assay was used, as well (see Fig. S1 in the supplemental material).
To precisely measure the role of cytokines in the activation of porcine NK cells, we added neutralizing antibodies against IL-12, IL-15, and IFN-␣ to PBMC cultures stimulated with TLR7/8L (IL-18 was not tested due to the lack of a neutralizing antibody against porcine IL-18). The NK cell killing capability was only reduced, not completely inhibited (Fig. 5E ), even at saturating amounts of the neutralizing antibodies (data not shown). Similarly reduced NK cell cytotoxicity was also apparent in cultures where a combination of anti-cytokine antibodies was used. Therefore, although we have shown that these cytokines contribute to NK cell activation, they are not the only source of porcine NK cell activation. Taken together, accessory cells contributed stimuli to the activation of porcine NK cells through the secretion of mediators such as IL-12, IL-15, IL-18, and IFN-␣. 
TLR7 and TLR8 agonists induce cytokine production in CD2
؉ CD8 ؉ CD3 ؊ cells. The data presented to this point ( Fig.  1 to 5) show that the response of NK cells to the TLR7/8 agonist is more often significant than the responses to TLR7L and TLR8L, which often are not statistically different from the controls. Therefore, for the balance of this study, we report only the analysis of responses to the TLR7/8 agonist.
We further analyzed porcine NK cells for the production of IFN-␥ and intracellular storage of perforin following activation with these TLR agonists. CD2 ϩ CD8 ϩ CD3 Ϫ NK cells were incubated with the TLR7/8 agonist 3M-011 for 18 h and were tested in an intracellular staining assay. The presence of both IFN-␥ and perforin could be demonstrated in resting CD2 ϩ
CD8
ϩ CD3 Ϫ NK cells. Whereas baseline IFN-␥ levels differed considerably from animal to animal, perforin stayed within the range of 4 to 7% (Fig. 6A and B) . Following stimulation with TLR agonists, both perforin storage and IFN-␥ production increased at least threefold ( Fig. 6C and D) . The increases in cytokine and perforin storage did not wholly correlate with the increase in the cytotoxicity of sorted NK cells following stimulation with these agonists, since a minimal increase in cytotoxicity was observed. Although TLR7/8 agonists appeared to induce cytokine production substantially, they did not significantly enhance NK cell cytotoxicity, suggesting that the direct engagement of TLR7 and TLR8 on NK cells by their agonists is directed toward the upregulation of cytokines such as IFN-␥.
The TLR7/8 agonist enhances the ability of porcine NK cells to lyse FMDV-infected cells. We were interested in examining the ability of activated porcine NK cells to lyse porcine target cells infected with FMDV. We tested nonstimulated and TLR7/8 agonist-stimulated PBMC in a killing assay using IBRS2 cells and SK6 cells infected with the LL-KGE virus. Neither nonstimulated nor TLR7/8 agonist-stimulated porcine NK cells could lyse noninfected SK6 cells (Fig. 7A) , while stimulated NK cells showed much higher lytic capability toward infected cells than nonstimulated NK cells. Moreover, these activated porcine NK cells could kill IBRS2 cells, which are endogenously infected with classical swine fever virus (Fig. 7B) . Taken together, stimulation of porcine NK cells with TLR7/8 agonists renders them capable of lysing virus-infected cells in vitro.
Quantitative mRNA expression. To learn about the possible molecular mechanisms that could be involved in TLR-mediated activation of porcine NK cells, we performed qrtRT-PCR on RNA isolated from purified CD2 ϩ CD8 ϩ CD3 Ϫ NK cells previously cultured in the presence of TLR7/8L. The mRNAs of most activating receptors, i.e., NKp46, NKp80 (Fig. 8A) , NKG2D, and CD161 (Fig. 8B) , were not upregulated, whereas a minimal increase in expression relative to that in nonstimulated NK cells was observed for NKp30 (at least threefold) (Fig. 8A) . Only Ly49 was considerably upregulated (10-fold) (Fig. 8B) . Interestingly, direct stimulation with TLR agonists induced upregulation of mRNAs for two inhibitory receptor genes, NKG2A and SH2D1B, six-and fourfold, respectively (Fig. 8B) . Among the mRNAs for effector molecule genes, granzyme A was upregulated to the greatest extent (4.7-fold), followed by perforin (2.7-fold) and granzyme B (1.2-fold) (Fig.  8A) . TRAIL, which plays an important role in apoptosis induction, was highly upregulated (33-fold) (Fig. 8B) . Analysis of the expression of cytokine receptor mRNA showed that direct stimulation of NK cells with TLR agonists appeared to affect the regulation of all cytokine receptors assessed. The greatest effects were observed on IL-15R␣ and IL-12R␤2 (Fig. 8C) . Additionally, CD2 ϩ CD8 ϩ CD3 Ϫ NK cells expressed mRNAs for the SOCS3 and CCR5 genes, which in this instance were upregulated following stimulation with the TLR7/8 agonist. The increase in SOCS3 expression could be due to the increased production of cytokines by these cells, while CCR5 in the natural setting could increase expression in preparation for migration toward the chemokine gradient, e.g., in infected tissues.
DISCUSSION
Cell-mediated immunity to pathogens can be improved by applying adjuvants, which, among other functions, nonspecifi- cally activate inflammatory responses. Some of the most effective of these function by initially stimulating DCs. TLRs are expressed by multiple types of DCs, and therefore, TLR agonists have been studied for adjuvant capacity. We addressed the impact of TLR agonist stimulation on the functional activity of porcine NK cells, and we show that TLR7/8L can activate porcine NK cells to produce IFN-␥ and perforin and can enhance cytotoxicity against tumor cells and FMDV-infected cells in vitro. The results also show that the activation of NK cells is most effectively achieved through the activation of DCs and, to a lesser extent, M/monocytes. B cells are not significantly responsive. Moreover, the results suggest at least two main pathways of TLR activation of porcine NK cells. First, CD2
ϩ CD8 ϩ CD3 Ϫ NK cells express mRNAs for both TLR7 and TLR8. Exposure of these highly enriched NK cells to TLR7L or TLR8L is characterized by IFN-␥ production. However, these cells exhibited minimal cytotoxicity when directly cultured in the presence of the TLR agonists. Second, activation can be mediated by soluble factors produced by CD172 ϩ cells, M/monocytes, and B cells stimulated with the TLR7/8 agonists. Innate cytokines secreted by these cell populations include IL-12, IL-18, IL-15, and IFN-␣. Although this study does not provide direct evidence for cellcell interaction in activating NK cells, it could be an alternative pathway for CD172 ؉ cells to enhance NK cell cytotoxicity. Considering the evidence collected in this study, we propose possible mechanistic pathways of porcine NK cell activation following stimulation with TLR7/8 agonists (Fig. 9) . The agonists likely act through three cell types: (i) DCs, (ii) M/ monocytes, and (iii) B cells. These may, at variable levels, produce cytokines such as IL-12, IL-15, IL-18, or IFN-␣, which in turn stimulate NK cells. In addition, stimulation with TLR agonists may induce the expression of ligands on DCs that interact with receptors on NK cells, enabling the latter to become activated in a cell-cell-dependent manner. This was shown for human DCs that were induced to express major histocompatibility complex class I chain-related gene A (MICA) and MICB, which, in turn, activated NK cells through binding to NKG2D (19, 20) . Moreover, maximal IFN-␥ production by NK cells required direct contact of NK cells with DCs as well as stimulation by cytokines secreted by DCs after stimulation with TLR agonists (21) . Additionally, activation of porcine NK cells occurs via direct interaction with TLR7/8 receptors expressed by NK cells. The consequence of such NK cell stimulation is increased IFN-␥ production, increased perforin storage, and a small increase in cytotoxicity.
It is not surprising that several types of cells are targets of TLR agonist induction of cytokines, resulting in NK cell activation. Protamine-condensed mRNA has been found to have activating properties on DCs, monocytes, B cells, NK cells, and granulocytes when added to whole PBMC (37) . In those studies, the results suggested that the effect was mediated through TLR7 and TLR8. This demonstrates that several cell types in PMBCs express TLR7 or TLR8 and may react to stimulation. However, Zhang et al. (49) cell populations of swine and that all these cell populations are stimulated to produce cytokines that activate porcine NK cells by agonists of these receptors. It is encouraging that the stimulation of NK cells by TLR7/8 agonists renders these cells highly cytotoxic against FMDVinfected cells, suggesting that these compounds may be beneficial as adjuvants for vaccines against FMDV. The advantage of using TLR7/8 agonists as adjuvants to enhance innate responses resides in the fact that following stimulation of DCs, the function of antigen uptake is preserved, in contrast to stimulation through other TLRs, such as TLR3 or TLR4. Activation through those receptors leads to maturation of DCs and may induce programs that disable them from particulate antigen uptake (47) . Therefore, TLR7/8 stimulation may afford rapid generation of innate responses while allowing antigenpresenting cells to further participate in the development of an adaptive immune response.
To our knowledge, there are no data on the expression profiles of TLR7 and TLR8 on porcine NK cells. Ideally, demonstration of protein expression would have been more informative; however, no reagents are available yet for swine. Here we show that TLR7 and TLR8 mRNAs are present in CD2 ϩ
CD8
ϩ CD3 Ϫ NK cells as well as in CD172 ϩ cells, M/monocytes, and B cells. Therefore, the observed stimulation of sorted NK cells is likely mediated through direct interaction with TLR agonists. However, in a mixed-cell environment, stimulation of NK cells could result from a concerted effort of the stimuli by both direct and indirect interactions with the TLR agonist. In such a situation, it is difficult to discern whether TLR7/8 agonist-induced NK cell activation was secondary to accessory cell activation. A similar observation has been made in the case of CpG stimulation of NK cells in mice, where the pDCs expressed TLR9, and the authors conclude that there was an amplification of signals in such an environment (40) .
Treatment with cytokines that normally enhance NK cell activity entails upregulation of genes involved in the function of NK cells (3, 31, 48) . Therefore, it was reasonable to expect that TLR7/8 agonist treatment, which stimulated the production of such cytokines, would induce the expression of activating receptors on these cells. However, we did not find significant increases in mRNA expression for NKp46, NKp80, NKG2D, or CD161, but we observed a very high upregulation of TRAIL mRNA. Since we did not measure the protein expression, caution should be exercised in interpreting these data, because the function of certain receptors or effector molecules may be upregulated without the necessity of an mRNA increase. This has been reported for perforin following the treatment of NK cells with IL-18 (18) . In a recent study by Schlaepfer and Speck (38) , the level of NKG2D protein expression on human NK cells did not increase after treatment with TLR7/8 agonists, and the expression levels of other inhibitory and activating receptors were similarly unaltered. However, the expression of TRAIL was upregulated, a pattern similar to the mRNA expression profile obtained in our study. Given the function of TRAIL, it is anticipated that it could have played a major role in enhancing porcine NK cell cytotoxicity. The soluble factors mostly involved in NK cell activation following the treatment of PBMC with TLR7 or TLR8 are likely the cytokines IL-12, IL-15, IL-18, and IFN-␣. We detected these cytokines in the supernatants of PBMC, CD172 ϩ cells, CD21 ϩ cells, or M/monocytes incubated with the TLR7/8 agonists. We have previously shown that these cytokines enhanced porcine NK cell cytotoxicity and IFN-␥ production when applied directly to NK cell cultures (43) . Although the cytokines may have contributed to the activation of porcine NK cells, their precise role is not clear, because blocking with neutralizing antibodies against IL-12, IL-15, or IFN-␣ did not completely eliminate the cytotoxicity of NK cells. A lack of complete inhibition of NK cell cytotoxicity was also reported in similar studies (38) .
Porcine pDCs can produce IFN-␣ (42), but no detailed information is available as to whether they produce cytokines such as IL-15 or IL-18. We have previously reported that both the pDCs and the monocyte-derived DCs in the circulation express CD1 and CD172 in addition to class II major histocompatibility complex (31a and C. K. Nfon, F. N. Toda, M. Kenney, J. Pacheco-Tobin, and W. T. Golde, submitted for publication). Therefore, we used CD172 expression for the isolation of leukocytes containing these DC populations. These cells produced IL-12, IL-15, IL-18, and IFN-␣ in response to TLR7/8 agonists. Neutralizing antibodies to these cytokines only partially inhibited cytokine-dependent NK cell activation. This indicates that the activation of porcine NK cells by TLR7/8 agonists may be a multifactor signaling process, involving direct cell-cell interaction with cells such as DCs and/or M/monocytes, cytokine mediated stimulation, and direct stimulation through TLRs expressed by the NK cells. DC-NK cell interaction has been shown for murine NK cells (9) , while direct stimulation with TLR agonists has been demonstrated for human NK cells through TLR7, although some controversy between reports exists (15) . Direct activation of porcine NK cells by cytokines has been reported by Pintaric et al. (32) . However, in our case we allow for the possibility that TLR7/8 may not have directly activated porcine NK cells and that the observed increase in cytotoxicity following the incubation of purified NK cells with TLR7/8 agonists could have been due to the stimulation of residual DCs. Since we lack a single exclusive marker for porcine NK cells, we could achieve only 90 to 95% pure CD2 ϩ CD8 ϩ CD3 Ϫ cells, which are enriched for, but are not exclusively, NK cells.
Human peripheral blood pDCs and monocyte DCs have been reported to express perforin and granzyme B following culture in the presence of the TLR7 agonist imiquimod. Moreover, these DCs had the ability to kill K562 cells in vitro (41) . We did not observe any killing of K562 by CD172 ϩ cells cultured in the presence of the TLR7/8 agonist. This may indicate a species difference in reactivity to TLR stimulation or a divergence of innate responses in swine using bystander activation of lymphocytes to achieve tumor cell and infected-cell killing, particularly by NK cells.
In summary, the data presented in this study clearly show that TLR7/8 agonists activate porcine NK cells. Both direct and indirect stimulatory pathways appear to be involved in generating an innate immune response of porcine NK cells following stimulation with these compounds. CD172 ϩ cells and M/monocytes are directly involved in this activation process through cytokine production. Moreover, we show the expression of TLR7 or TLR8 mRNA by both porcine NK cells and accessory cells. TLR agonist-activated NK cells are activated to produce IFN-␥ and increase intracellular perforin levels, and they are capable of killing FMDV-infected cells. However, it remains to be determined whether these TLR agonists can enhance NK cell activity in vivo and thereby afford protection against viral infection. Interventional vaccine formulations incorporating these molecules, targeting DCs and NK cells, could constitute a vital strategy for enhancing innate immunity and adaptive responses to FMDV in swine. 
